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ABSTRACT

The structure specific flap endonuclease 1 (FEN1)
plays an essential role in long-patch base excision
repair (BER) and in DNA replication. We have
generated a fluorescently tagged FEN1 expressing
mouse which allows monitoring the localization and
kinetics of FEN1 in response to DNA damage in
living cells and tissues. The expression of FEN1,
which is tagged at its C-terminal end with
enhanced yellow fluorescent protein (FEN1-YFP), is
under control of the endogenous Fen1 transcrip-
tional regulatory elements. In line with its role in pro-
cessing of Okazaki fragments during DNA
replication, we found that FEN1-YFP expression is
mainly observed in highly proliferating tissue.
Moreover, the FEN1-YFP fusion protein allowed us
to investigate repair kinetics in cells challenged with
local and global DNA damage. In vivo multi-photon
fluorescence microscopy demonstrates rapid local-
ization of FEN1 to local laser-induced DNA damage
sites in nuclei, providing evidence of a highly mobile
protein that accumulates fast at DNA lesion sites
with high turnover rate. Inhibition of poly
(ADP-ribose) polymerase 1 (PARP1) disrupts FEN1
accumulation at sites of DNA damage, indicating
that PARP1 is required for FEN1 recruitment to
DNA repair intermediates in BER.

INTRODUCTION

All cells are confronted with tens of thousands of DNA
lesions each day by endogenous cellular processes.

Generally, these DNA lesions severely affect DNA metab-
olism. Base excision repair (BER) is the major pathway
for removing oxidative DNA damage (1,2). In brief, BER
is initiated by one of many DNA glycosylases, which rec-
ognizes and removes the damaged base. The apurinic/
apyrimidinic (AP) sites generated are further processed
by downstream enzymes that carry out strand incision,
gap filling and ligation in a coordinated manner. Two
sub-pathways of BER have been characterized in vitro,
and are classified according to the length of the repair
patch produced in the reaction: (i) short-patch (SP, one
nucleotide replaced) and (ii) long-patch (LP, more than
one nucleotide replaced) BER (2).

The structure specific flap endonuclease 1 (FENT1) plays
a crucial role in maintaining genome integrity of cells and
cleaves 5 DNA flaps formed as intermediates in LP-BER
and during DNA replication (3-7). In addition to flap
removal in DNA repair and replication, FEN1 has been
implicated to play a role in recombination (8,9), apoptosis
(10), non-homologous end joining (11), repeat expansion
(12,13) and telomere maintenance (14-17), demonstrating
the indispensable role of FENI in genome maintenance
and cell viability.

A large panel of proteins required for genome stability
have been reported to interact with FEN1. These include
proliferating cell nuclear antigen (PCNA), replication
protein A (RPA), DNA polymerases 3 and 6, AP endo-
nuclease 1 (APE1), RecQ helicases WRN and BLM, endo-
nuclease/helicase DNA2, endonuclease G (ENDO G),
HIV integrase and p300 (18). In mammalian cells, FENI
is widely expressed. Highly proliferative tissues like bone
marrow, testis and thymus show particularly high expres-
sion of FENI1 (19-22). In agreement with the many im-
portant roles of FEN1, mouse null-mutant FEN1 causes
embryonic lethality (23,24). It has also been shown that
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the conserved amino-acids of the PCNA binding site of
FENI1 are required for viability (25,26). In contrast, mice
carrying mutations in the nuclease domain of FENI are
viable and cancer-prone (25,27). Recently, another 5'flap
cleaving helicase/nuclease, human DNAZ2, originally
identified in yeast as a nuclear DNA replication and
repair factor, was found to predominantly locate to
mitochondria, suggesting that FEN1 could be the main
S'flap endonuclease in the nucleus (28,29).

The BER pathway has been extensively studied in vitro,
yet, the kinetics of BER proteins in vivo is less well known.
Live cell FENI kinetic studies could answer questions on
FENI1 mobility and mode of action in different cell types.
Mechanisms of FENI1 activity in replication and LP-BER,
and mechanism of interaction with other proteins,
throughout the cell cycle and during aging under varying
physiological conditions can be revealed by in vivo
imaging. Moreover, it is difficult to address the relative
contribution of SP-BER and LP-BER in different cell
types, although many in vitro studies imply that SP-BER
is the predominant sub-pathway (30-32). To repair oxida-
tive damage, a cell will either exploit SP- or LP-BER, and
several hypotheses have been formulated regarding which
pathway will be used. Briefly, when an oxidized or reduced
AP-site cannot be processed by polymerase B, as the poly-
merase can not eliminate the modified sugar by 5dRP
lyase activity, a DNA strand displacement and flap for-
mation will occur, inducing the LP-BER (5).
Alternatively, the ATP concentration near the AP-site
could direct the pathway choice (33). LP-BER, resulting
from XRCCI promoting DNA strand displacement by
polymerase B, is predominant during energy depletion,
and is required for ATP generation from poly
(ADP-ribose) (PAR). SP-BER is preferred during energy
abundance, when Ligase III prevents strand displacement
synthesis and promotes ligation.

Here, we have examined the FENI kinetics at sites of
DNA damage in vivo by measuring enhanced yellow
fluorescent protein (eYFP) from a novel mouse model
where FENI is fused to eYFP (in the following denoted
as YFP). The FEN1-YFP model enabled us to characterize
expression levels and distribution of FENI-YFP in
cultured mouse cells and living tissues. We also studied
FENI1-YFP repair kinetics in cells when challenged with
local and global DNA damage and following poly
(ADP-ribose) polymerase (PARP) inhibition. Moreover,
the dual expression of two fluorescently tagged proteins,
FENI-YFP and mCherry-PCNA, allowed us to visualize
the dynamics of FEN1 and its interacting partner PCNA in
DNA replication foci and at DNA repair sites over time.

MATERIALS AND METHODS

General methods used (mice, organs, RNA and protein
isolation and western blot analysis) is found in
Supplementary Data.

Ethics statement

Mice were maintained in the minimal disease unit in an
animal facility under barrier conditions. Animal
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experiments were performed in accordance with institu-
tional guidelines and national legislation, and according
to the 3R animal welfare rules.

Generation of the targeting construct

The knock-in targeting vector consisted of an ~12kb
mouse genomic DNA, containing the Fenl/ locus. A
plasmid vector containing ATG-less YFP, Hiss and HA
epitope tags and a Neomycin (Neo) expression cassette
flanked by two LoxP sites, was cloned in frame to the
C-terminal genomic part of Fenl to generate a
FENI-YFP fusion gene with the aim to express
FENI-YFP protein. The YFP vector was produced as
previously described (34). To make this Fenl-YFP target-
ing vector, the genomic Fenl was PCRed from 129/Sv]
mouse genomic DNA with Sacll and BamHI restriction
enzyme sites in the primers. The Polymerase chain
reaction (PCR) was designed to generate a 2.1 kb homolo-
gous arm fragment from Fenl intronl-2, covering the
Fenl translated part of exon 2 and to exclude the stop
codon of Fenl. Following PCR, restriction enzyme diges-
tion and blunting of the BamHI site, the 2.1 kb fragment
containing Fenl was cloned into the YFP vector, using
Sacll and Smal in the YFP vector multiple cloning site
(MCS). From the Fenl E160D knock-in targeting vector
(25), the Fenl and Neo genes were cut out using Hpal and
Ascl. The remaining vector, containing the homologous
arm with the 3’ sequence downstream Fenl, was blunted
and ligated with the Sacl and Notl digested blunted
Fenl-YFP fragment, obtaining the Fenl-YFP-Hiss-
HA-LoxP-Neo-LoxP vector (Figure 1A).

Embryonic stem cell culture and gene targeting

About 25ug of Notl linearized targeting vector was
electroporated into approximately 1.6 x 10’ embryonic
stem (ES) cells (129, substrain R1), in 650 ul FBS-ES cell
medium. Positive selection of Neo-resistance with G418
(300 pg/ml) was started 24 h after electroporation of ES
cells. Negative selection agent FIAU (1-2'-deoxy-2’-
fluoro-B-D-arabinofuranosyl-5-iodouracil, 0.2um) was
added 48h after clectroporation. FIAU selects against
random integration events in the ES cells. The herpes
simplex virus thymidine kinase (Tk) gene is present
outside the region of homology in the targeting construct.
After 8-9 days, resistant single colonies were isolated, and
those were further grown to screen for homologous
recombinants by Southern blot analyses of BamHI-
digested DNA with a 463bp 3’ external probe
(Supplementary Figure S1A and B, the probe was
PCRed with primers 19 and 20 in Supplementary
Table S1). Out of 288 G418 resistant clones, 27 ES
clones were positive homologous recombinant (10% of
recombination). After DNA sequence verification, 2 out
of the 27 correctly targeted ES clones were injected into
blastocysts of C57BI/6] mice and transplanted into
CD1 foster mothers. Chimeric mice were further crossed
to C57BI/6J mice, and germline transmission of the
targeted allele to offspring was genotyped by
PCR (Supplementary Figure S1B-E and Supplementary
Table S1).
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Figure 1. Generation and characterization of mice expressing FEN1-YFPH¢HA fusion protein. (A) Physical map of the genomic DNA containing
the mouse Fenl gene. Exon 2 contains the entire ORF (in turquoise) of the Fenl gene. Genomic (WT) sequences, indicated with dotted lines and black
arrows, were subcloned upstream and downstream of the genes encoding enhanced YFP and Neo. The Fenl ORF was included in the targeting
construct, excluding the stop codon, to allow in-frame fusion with the modified fluorescent ATG-less YFP, with an additional stretch of six histidines
and an HA-epitope tag. The dominant selectable marker, Neo, was flanked by two LoxP sites to enable Cre-excision. Details of the targeting strategy
are presented in section ‘Materials and Methods” and in Supplementary Data. (B) YFP expression in ES cells. Left: FACS analysis of parental and
five targeted Fenl” /T ES cell clones. The positive clones all display histograms with YFP-signal after homologous recombination of the targeting
construct, which is lacking in the parental ES cells. Indicated in green is the ES cell line taken further for blastocyst injection, which resulted in
chimeric mice used for generation of Fenl”N"””WT mice. Visualization of YFP in the superior ES cell line is shown to the right (Zeiss LSM 510
microscope). (C) Expression of the FEN1-YFPHSCHA fysion protein in knock-in mice. Representative western blots with 40 ug of protein whole cell
extracts (WCE) from thymus of a wild-type and a Fenl’” knock-in mouse. Both anti-FENI and anti-HA antibodies detect a 70kDa
FENI1-YFPH¢HA fusion protein. Moreover Anti-FEN1 detects the 43kDa FENI protein from wild-type thymus. Anti-HA also binds to a
smaller, unspecific band. (D) Endogenous expression and IF demonstrating FENl—YFPH‘S"fHA fusion protein expression in primary MEF cells.
Wild-type and Fenl”” primary MEFs were stained with anti-HA (recognizing FEN1-YFP"¢HA "red) and DAPI (staining nuclear DNA, blue).
In Fenl”” primary MEFs both endogenous YFP signal and anti-HA (IF) from the fusion protein were detected, whereas neither could be observed in
wild-type primary MEFs, as expected. (E) FEN1 and Ki-67 expression in proliferating Fen*”” primary MEF cells. Fen*"” primary MEFs were stained
with an anti-Ki-67 antibody (proliferation marker, red) and DAPI (staining nuclear DNA, blue). In Fenl"” primary MEFs both endogenous YFP
(green) signal from the fusion protein and Ki-67 immunostaining were detected in the nucleus. The scale bar is 20 um. The cells in D. and E. were
analysed using an Axio Observer.Z1 fluorescence microscope, with a Plan-Apochromat 63x/1.40 Oil DIC M27 objective and AxioCamMR3 camera.

Mice

The knock-in Fenl” (resulting fusion gene between Fenl
and YFP, coding for FEN1-YFP) allele was maintained in
C57BIl/6J background. The Cre-expressing mice used to
excise Neo from the Fenl”™*’ knock-in mice were B6.C-
Tg (CMV-cre)1Cgn/J mice (stock number 006054) from
Jackson laboratories.

Cell culture and specific treatments

Primary mouse embryonic fibroblasts (MEFs) were
isolated from Fen!""™7T Fenl" ™" and Fenl”” E13.5
dpc embryos after a heterozygous x heterozygous mating
of Fenl"™™” mice. The primary MEFs were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% FBS, 1% Pen/Strep and 1%
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L-glutamine, incubated at 37°C and in 5% CO,. Fenl*”
primary MEFs were treated with 10 pum PARP1-inhibitor
3,4-Dihydro-5[4-(1-piperindinyl)butoxy]-1(2H)-
isoquinoline (DPQ) for 3h at 37°C, 5% CO,, 3% O, prior
to multiphoton local damage experiment. Treatment of
Fen”” primary MEFs with another PARP inhibitor,
Nul025, was performed at 150 pm for 3h at 37°C, 5%
CO,, 3% O, prior to multiphoton local damage experi-
ments. Individual treatments of primary Fenl”” MEFs
with 250pm MMS for 1 h, 4mM KBrO; for 30 min and
150 pm H»O, for 12 min, followed by Phosphate buffered
saline (PBS) wash, replacement in fresh media and imme-
diate strip-FRAP measurements were performed.
Strip-FRAP measurements were also performed after
treatment of Fenl””” MEFs with toxic concentrations of
DNA damaging agents, 1.5mM MMS for 1h, 40mM
KBrO; for 30 min, and 10 mM H,O, for 10 min.

Double colour cell line expressing FEN1-YFP and
mCherry-PCNA

FenI’”” MEFs were transfected with mCherry-PCNA ex-
pression construct (35) to obtain FENI-YFP and
mCherry-PCNA double colour cell line. About 2 pug of
the plasmid expressing mCherry-PCNA was transfected
into primary MEFs endogenously expressing FEN1-YFP
using the JetPEI transfection agent (Polyplus transfec-
tion), cells were allowed to incorporate the DNA and
fresh medium was replaced 48 hours after transfection.
Cells were then selected with Neomycin (100 pg/ml) con-
taining medium. Time-lapse imaging on the multiphoton
microscope was performed to study the spatio-temporal
distribution of FEN1 and PCNA throughout the cell
cycle. FENI1-YFP and mCherry-PCNA were monitored
during S-phase to see whether FENI and PCNA
colocalize in DNA replication foci. G1 or G2 phase
FENI1-YFP and mCherry-PCNA double colour MEFs
were monitored after induction of local laser damage
and the fluorescence accumulation of the respective
proteins to the lesion site was imaged over time.

Fluorescence activated cell sorting analysis

ES cells were trypsinized, collected in medium, spun down,
washed with PBS, resuspended in PBS and measured with
fluorescence activated cell sorting (FACS) using the
488 nm laser. FACS analysis was performed on one
parental and five targeted Fenl” /"7 ES cell clones
using a FACSVantage machine (Becton Dickinson).

Immunofluorescence

Fen1™""T and Fenl”” primary MEFs were grown in
8-well chamber glass slides (BD Falcon), washed twice
with PBS, fixed with 2% paraformaldehyde at room tem-
perature for 15 min, washed with PBS, permeabilized with
0.1% Triton X-100 for 4-10min at room temperature,
washed with PBS and blocked in PBS+ (PBS, 2% BSA,
0.15% glycine, 5% goat serum) for 1-3h. Primary
antibodies used were: rat anti-HA (Roche) at 1:100
dilution, and rabbit anti-FEN1 (Abcam) at 1:500
dilution. Incubation was performed over night at 4°C.
After three PBS washes, the secondary antibodies, goat
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anti-rat Alexa Fluor 647 and goat anti-rabbit Alexa
Fluor 594, diluted 1:1000 in PBS+ were added and
incubated for 1h at room temperature. After three PBS
washes, DAPI (1pg/ul) was added and the cells were
incubated for 5-10min at room temperature, followed
by three more PBS washes. The chamber wells were
removed, and the stained cells mounted with Mowiol.
For Ki-67-staining, cultured Fenl*” primary MEFs were
washed with PBS, fixed, permeabilized and blocked in
PBS+ as described above. Primary antibody was mouse
anti Ki-67 (Dako, clone MIB5) at 1:50 dilution, and sec-
ondary antibody was Alexa Fluor 594 goat anti-mouse
(Invitrogen, Molecular Probes) at 1:500 dilution in
PBS+. An Axio ObserverZ1 fluorescence microscope,
with a Plan-Apochromat 63x/1.40 Oil DIC M27 objective
and AxioCamMR3 camera was used to acquire fluores-
cent cell images. Prior to immunofluorescence staining of
postnatal day (P) 7.5 mouse brains, 4 um paraffin sections
were deparaffinized followed by antigen retrieval in
sodium citrate pH 6.0 buffer for 20 min. The subsequent
steps were essentially the same as described for MEFs
above, with the exception that a slightly longer permeabil-
ization step (15min) and a slightly shorter blocking step
(30 min) was used for the paraffin sections. For the brain
sections, primary antibodies used for incubation over
night were mouse anti-PAR (Enzo Life Sciences, clone
10H) 1:100, rabbit anti-PARP1 (Abcam, Ab6079) 1:100,
rabbit anti-FENI (Abcam, Ab17993) 1:500, rabbit
anti-GFAP (glial fibrillary acidic protein) (Invitrogen,
18-0063) 1:1000, mouse anti-NeulN (Millipore, MAB377)
1:200 and mouse anti-Ki-67 (Dako, clone MIBS5) 1:50 and
the secondary antibodies were goat anti-rabbit Alexa
Fluor 488 1:500 and goat anti-mouse Alexa Fluor 594
1:500. Prior to immunofluorescence on Fenl”” primary
MEFs after strip laser damage, the cells were grown on
glass cover slips (24mm), laser irradiated, fixed,
permeabilized and blocked (described for MEFs in the
beginning of this section). Primary antibodies used for
strip laser damaged cells were rabbit anti-APE1 (Abcam,
Ab82) 1:100, mouse anti-LIG1 (MBL, clone SHS) 1:200,
mouse anti-PAR (Enzo Life Sciences, clone 10H) 1:100,
rabbit anti-PARP1 (Abcam, Ab6079) 1:100 and secondary
antibodies were goat anti-mouse Alexa Fluor 633 1:500
and goat anti-rabbit Alexa Fluor 633 1:500. The laser
irradiated and fluorescently stained MEFs were mounted
with Vectashield containing DAPI.

Microscopy and laser-induced DNA damage

To locally induce DNA damage in living cells, we used a
tuneable near-infrared pulsed laser (Cameleon Ultra II,
Coherent Inc, USA) directly coupled to an inverted
confocal microscope equipped with a 40x/1.3 oil objective
and a thermostatic chamber maintained at 37°C with 5%
CO, (LSM 710-NLO, Zeiss, Germany). Typically, a small
circular area (~2 um in diameter) within the nucleus of a
live cell was targeted for 34ms (single scan iteration at
800nm, 10% power output). Image analysis was done
via Image] (Rasband, W.S., National Institutes of
Health, USA) and a custom-built macro. Briefly, after a
time series image file was imported (LSM ToolBox plugin)
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and adjusted to compensate for cell movement (StackReg
plugin), a region of interest (ROI) was defined outside the
cell and was used to determine the background signal (to
be subtracted from each of the quantitative image data).
Next, another ROI spanning the total nucleus was defined
to compensate for unwanted photobleaching during the
acquisition of images, and finally a ‘local damage’ ROI
was indicated to allow for the quantification of the total
fluorescence due to the recruitment of FENI-YFP at the
laser damaged area. Data was then exported to Excel
(Microsoft, USA) for plotting. To target a large number
of nuclei for immunofluorescence (IF) (Figure 5A), several
adjacent fields were scanned by the 800 nm multiphoton
laser in a pattern of evenly spaced parallel lines.

Time-lapse imaging of live cells on glass coverslips for
up to 48 h was performed on the same inverted confocal
microscope. To follow the movement of cells during their
cycle, we acquired 2 x 2 tile scans (4096 x 4096 pixels) at
minimum zoom (~700 x 700 pm field of view) at 0.5 or 1 h
intervals.

Fluorescence recovery after photobleaching

To determine the mobility of FEN1-YFP in nuclei of living
cells a specialized fluorescence recovery after photobleach-
ing (FRAP) procedure was applied: strip-FRAP (36). In
these experiments a narrow strip spanning the nucleus of
a cell was monitored 200 times every 20ms at 1% laser
intensity (25 mW Argon laser, 514 nm line) to allow the
measured fluorescence to reach a steady state level (after
~4s). The same strip was then photobleached with three
iterations at 100% laser intensity. Subsequently, the
recovery of fluorescence within this strip was monitored
(1% laser intensity) every 20ms for 20s. The shown
FRAP data were corrected for background noise and
normalized to pre-bleach values, without corrections for
unwanted ‘monitor’ photobleaching.

FRAP on local damage was performed to determine the
dwell time of FENI1-YFP within the damaged area and
conducted as follows: Two to three minutes after DNA
damage was induced by multiphoton laser (when assembly
and dissociation are in equilibrium) within a MEF cell
nucleus, a slightly larger circle encompassing the
damaged area was photobleached. Photobleaching was
induced by three successive, 100% laser power, iterations
at Sl4nm. Fluorescence recovery was monitored by
measuring fluorescence (full image acquisition) every 2s
for 2min, at 0.4% laser intensity to minimize unwanted
photobleaching. FRAP on local damage data were cor-
rected for background noise, normalized to pre-bleach
and corrected for monitor photobleaching.

RESULTS
Generation of the FEN1-YFP knock-in mouse model

In order to visualize and study the kinetics of FENI
within different cells and tissues, we created mice express-
ing endogenous mouse FENI1 tagged with YFP at its
C-terminus. Gene-targeting constructs and strategy is
shown in Figure 1A (see section ‘Materials and
Methods’ and Supplementary Data for details).

Expression of the fusion gene was under control of the
endogenous mouse Fenl promoter, thereby providing a
high probability of physiological expression levels in all
different cell types throughout development. Additional
C-terminal Hise- and HA-tags were added for convenient
detection and purification of the FENI-YFP fusion
protein. ES cells transfected with the Fenl-YFP fusion
construct were selected and analysed by Southern hybrid-
ization (Supplementary Figure S1A). FACS analysis of
five selected positive clones revealed YFP expression in
all cells of the five analysed targeted ES cell clones
(Figure 1B). The YFP expression in ES cells containing
the Fenl-YFP fusion gene was also visualized by confocal
microscopy (Figure 1B). Chimeric offspring generated
from the ES-clone with superior YFP-expression (green
in Figure 1B) were further crossed to C57Bl/6J mice and
shown to provide germ-line transmission of the targeted
allele (Supplementary Figure S1B).

The selectable Neo marker gene, which might interfere
with Fenl-YFP expression, was removed by breeding
Fen"Mo'"T and Fenl”™°" *° mice with a ubiquitous
Cre-recombinase-expressing ~ mouse  (Supplementary
Figure SI1B and D). The presence of the fluorescent tag
did not significantly interfere with the activity of the
FENI1 protein (Supplementary Figure S1H), and the
Fenl”” mice appeared healthy and fertile. Western
blotting of whole cell extracts from the thymus of
wild-type Fenl" """ mice and homozygous Fenl*” mice
using anti-FEN1 and anti-HA antibodies showed that the
43kDa FEN1 was expressed in wild-type but not in Fen/""”
mice, while the HA-tagged 70 kDa FEN1-YFP protein was
expressed exclusively in Fenl*” mice (Figure 1C).
FENI-YFP was also readily detected in whole cell
extracts from spleen, testis and lung (Supplementary
Figure S1F and data not shown). Immunofluorescence per-
formed on MEF cells confirmed the expression of the
fusion protein in these cells (Figure 1D). Moreover, the
YFP signal from FENI-YFP protein could be detected
by direct fluorescence microscopy of Fenl”” MEFs,
without antibody staining (Figure 1D). The FEN1-YFP
protein was exclusively seen inside the cell nucleus
(Figure 1D and E, Figure 5 and SuPplementary Figure
SIM). Wild-type Fenl and Fenl”” mRNA showed
similar expression levels as determined by quantitative
real-time PCR (Supplementary Figure S1G). Direct
in vivo confocal imaging of live embryos (E.9.5, E.14.5)
and adult mouse organs including brain, spleen, testis,
thymus, kidney, intestine and skin, confirmed the
FENI1-YFP-expression seen in the nuclei of cultured
FenI”” MEFs (E9.5 embryo in Figure 2A, brain, skin,
thymus, liver and intestine tissue images in Figure 2C
and kidney, spleen and testis tissue in Supplementary
Figure S1L). We stained Fenl’"” MEFs for the proliferative
marker Ki-67, and indeed FEN1-YFP expression correl-
ates with Ki-67 (Figure 1E and Supplementary Figure S11),
in accordance with FENI1’s role in DNA replication.
Moreover, FEN1-YFP expression was detected in prolif-
erative cells (stained by anti-Ki-67) in the external granule
layer of Fenl”” cerebellum sections (Figure 2B lower panel
and Supplementary Figure S1J). Stained paraffin-sections
did not reveal any significant difference in FENI versus
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Figure 2. FENI-YFP expression in different mouse tissues. (A) In vivo imaging of FENI1-YFP expression. FEN1-YFP expression (green) is seen in
the developing Fen*V¢*N¢° mouse embryo (40x, embryonic stage E9.5, Confocal LSM 510 microscope). (B) Immunofluorescence staining of FENI,
poly (ADP-ribose) polymer (PAR, red in upper panel), brain cell markers (anti-NeuN stain neurons (red in middle panel) and anti-GFAP stain glia
(green in lower panel)) and proliferation marker (anti-Ki-67, red in lower panel) in cerebellum from paraffin sections of Fen/”” mouse brain 7.5 days
after birth. Antibodies against the indicated polymer/proteins were used for co-staining of PAR and FENI, NeuN and FENI and Ki-67 and GFAP.
DAPI (blue) stained nuclear DNA. To the right, a merge of blue, red and green channel is shown. The scale bar is 200 pm. (C) Expression of
FENI-YFP in adult Fenl”” mouse tissue. In brain from a 6 weeks old Fenl*” mouse (left panel), FENI1-YFP cells could be detected in the
subventricular zones and in the medial septal nucleus (Multiphoton LSM 710 microscope). Brain regions with FENI-YFP expressing cells in the
subventricular zone of one lateral ventricle and in the medial septal nucleus are enlarged (lower left panels). FENI-YFP is expressed in skin (imaged
with hair) from an adult Fen"V°"N¢® mouse (Confocal LSM 510 microscope), and in skin from an adult Fenl*” mouse (Multiphoton LSM 710
microscope). In skin (three upper right panels), keratinocytes expressing FENI-YFP could readily be detected in proliferative zones of the skin.
FENI1-YFP expressing cells are readily found in thymus and intestine from a 6 weeks old Fenl*” mouse (lower right panels). In liver from a 6 weeks
old FenI”” mouse, FENI-YFP expressing cells are found in a subpopulation of cells, which possibly could be Kuppfer cells, liver-specific macro-
phages (lower right panels). Kuppfer cells proliferate in the adult, and can have more than one nucleus. A Zeiss LSM 710 microscope with a 40x 1.3
oil objective was used for live imaging of FENI1-YFP in mouse tissue. The scale bar is 50 um in images of live tissue, except for the 500 um scale bar
in brain.
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FENI-YFP expression between wild-type and Fenl””
cerebellums (Supplementary Figure S1J). The wild-type
and FenI”” cerebellums also displayed the same expression
of the proliferative marker Ki-67 (Supplementary
Figure  S1J). Furthermore, immunofluorescence
co-staining of Fenl’”” mouse brain sections with antibodies
against PAR and FENI revealed a very similar distribu-
tion of PAR and FENT in the cerebellum (Figure 2B upper
panel). NeuN (neuronal cell marker) and FENI
co-staining showed that neuronal cells express FENI
(Figure 2B middle panel). Ki-67 and GFAP (glial cell
marker) co-staining (Figure 2B lower panel) showed the
distribution of Ki-67 in the external granule cell layer of
the cerebellum at 5x magnification, and the glial cell
distribution in the cerebellum. Higher magnifications of
the images in Figure 2B are shown in Supplementary
Figure S1K, along with a 40x magnification of immuno-
fluorescent co-staining of a Fenl”” mouse brain sec-
tion with antibodies against PAR and PARPI. As a
whole, these results allow us to conclude that the fluores-
cent tag does not disturb FEN1’s expression, localization
or activity significantly and therefore that our Fenl””
mouse model should be ideal for in vivo studies of FEN1
functions, in particular during DNA repair via BER.

FENT1 is expressed in adult mouse organs, including brain

The successful visualization of FEN1-YFP tempted us to
further study FENI1 using live cell imaging on living
tissues. Under normal non-exposed conditions FENT is
mainly involved in DNA replication, and thus we
expected to find FEN1 expression correlating with the
proliferative status of a cell. We already knew that ES
cells (Figure 1B), MEFs (Figure 1D and E) and cells in
the developing embryo (E9.5 and E14.5, Figure 2A and
data not shown) expressed FENI-YFP at levels easily
detected by microscopy. In the adult Fenl*”” mouse, we
analysed the fusion gene expression in the epidermis (skin
explants), where proliferating cells (keratinocytes) are only
found in the basal layer and within the bulge around the
hair follicles. Indeed, FEN1-YFP expression was mainly
observed in cells around the hair follicles and in cells in the
basal layer (Figure 2C upper panel from the right).
FENI1-YFP expressing cells were less abundant in the
adult Fenl”” brain than in higly proliferative organs
(Skin, thymus and intestine in Figure 2C and spleen and
testis in Supplementary Figure S1L), however we found
some FENI-YFP expressing cells in the Fenl”” mouse
brain, isolated or grouped (Figure 2C left panel and
data not shown). These brain cells expressing
FENI1-YFP were observed close to the lateral ventricles,
the medial septal nucleus and in the cortex of coronal
brain slices. Moreover, some of the grouped cells were
observed next to blood vessels (data not shown), which
could resemble proliferative aggregates of neuronal, glial
and endothelial precursors (37).

FENT1 is highly mobile and rapidly accumulates at
laser-induced DNA damage sites

In order to study FEN1 mobility as well as its recruitment
to sites of DNA damage, we induced local DNA damage

by multiphoton laser treatment in the nucleus of
targeted Fenl”” MEF cells. Multiphoton laser
micro-irradiation has been reported to induce a large
spectrum of DNA lesions, including reactive oxygen
species (ROS) induced DNA damage (38,39), base
damage, cyclobutane pyrimidine dimers (40-42) and
DNA strand breaks (41-43). We excluded from our
local damage study cells showing a clear replicative focal
pattern (Figure 6A and B) and avoided exposing nucleoli,
to avoid possible involvement of FEN1 in DNA metabolic
pathways (44) other than repair of the local DNA damage.
Briefly, Fenl’”” MEFs received a short (34 ms) and very
localized (~2um) exposure to the output of a near
infrared (800 nm) pulsed (200 fs) laser. Within ~10s after
the multiphoton irradiation, the YFP fluorescence in the
targeted ROI had increased to higher levels inside the ROI
than outside the local damage spot (Figure 3A and B),
reaching a plateau after ~2min. Fluorescence was also
monitored in a limited number of Fenl”” cells for a
longer time period after laser-induced DNA damage
(data not shown). Prolonged monitoring of YFP fluores-
cence on local DNA damage revealed a relatively
early (~4min after local damage induction) and rapid
decrease of the local FEN1 accumulation (~75% drop
of YFP fluorescence signal in about 15min) at the
irradiated sites (data not shown). Our results demonstrate
that 15min after DNA damage induction, less than 25%
of FENI1 substrate remains, which is compatible with the
known single strand break repair (SSBR) kinetics (45,46).
We also performed local damage experiments on
FENI1-YFP expressing skin cells, using the multiphoton
800nm laser (Figure 3C). Like in MEFs, FENI-YFP
accumulated very fast to the site of the lesion in
targeted keratinocytes (Figure 3C). For adult mouse
brain, less proliferative cells would be expected than for
skin, although proliferative zones and brain stem cells
exist (37,47,48).

PARP1 inhibition hinders FEN1 accumulation at DNA
damage sites

PARPI is rapidly activated by binding to nicks in DNA
and catalyses the production of long PAR covalently
linked to numerous substrate proteins, including itself,
shortly after DNA break formation (49,50). PARylated
PARPI1 interacts with the C-terminal domain of the
breast cancer susceptibility protein BRCAl (BRCT)
domain of X-ray repair cross complementing group 1
protein (XRCC1), and is responsible for a swift XRCCI
relocation to lesions (51,52). Due to the negative charge of
the polymers, autoribosylated PARP1 dissociates from the
nicked DNA indicating that the catalytic activity of
PARPI1 is needed for the dissociation of PARPI1 from
repair intermediates (53,54). In accordance, the addition
of PARPI inhibitor DPQ has resulted in PARPI and
PCNA persistent nuclear foci (55). Since PARPI
probably acts upstream of FENI in SSBR/BER, we
wanted to test whether PARP1 inhibition would influence
the binding kinetics of FEN1 to DNA lesions in living
cells. To that aim we introduced local damage by pulsed
800 nm multiphoton laser irradiation in nuclei of Fenl””
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Figure 3. Mobility of FENI1-YFP in living cells. (A) Assay for local damage and fluorescence accumulation in MEFs. A circular area within the cell
nucleus was irradiated with an 800 nm pulsed multiphoton laser to induce local DNA damage (dashed blue circle). Fluorescence in the locally
damaged area was monitored over time. (B) FEN1-YFP accumulation after local damage. The PARP1-inhibitors DPQ and NU1025 was added to
the indicated cells. FEN1-YFP showed a strong accumulation to the damaged site in untreated MEFs (n = 10), and a very weak accumulation to the
region with DNA damage after addition of PARPI inhibitors DPQ (rn = 10) and NU1025 (n = 10) to the cells. The dashed white circle indicates the
region in the cell nucleus where the DNA is damaged using a multiphoton laser at 800 nm. (C) Multiphoton laser at 800 nm was used to generate
local DNA damage in keratinocytes of the Fenl*” mouse skin, and FENI-YFP was shown to accumulate in the regions with DNA damage. One
representative image of skin cell nuclei before (left panel) and one image after (right panel) targeting with the multiphoton laser is shown (dashed

white circle indicates damaged area of the targeted nucleus).

MEFs, either DPQ, NU1025 or untreated. Both the total
amount and accumulation rate of FENI-YFP in Fenl””
MEFs was severely attenuated after inhibition of PARPI
(Figure 3B). PARP1 is not only implicated in SSBR/BER
but also binds and responds to double strand
breaks (DSBs) and stalled replication forks (56), the
latter of which we circumvented by avoiding cells with
replication foci in local damage experiments. To demon-
strate that FEN1 accumulation was mainly to BER sub-
strates, we compared the accumulation of FENI and
non-homologous end-joining repair protein Ku80 to

local damage sites (Supplementary Figure SIN). After
micro-irradiation with our ‘low’ laser power sufficient to
obtain fast and robust accumulation of FENI1, Ku80
barely accumulated (Supplementary Figure SIN). With a
‘high” power laser setting defined in (41) to induce a
clear recruitment of Ku80 to DSBs (approximately 1500
DSBs generated (41)), FENI1 accumulation was so
high that it depleted the available nuclear pool of
FENI1-YFP and completely saturated the detector of our
confocal microscope setup (Supplementary Figure S1N).
This indicates that, by far, DSBs are not the
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principle DNA break type induced when using our ‘low’
power setting.

Oxidized and alkylated base lesion trigger BER without
affecting FEN1 mobility

The accumulation of FENI1-YFP to local DNA damage
suggests that this protein is transiently bound to lesions.
To determine the fraction and time at which FEN1-YFP
molecules are being bound to lesions or trapped in chro-
matin-associated BER complexes (substrate for FEN1) we
performed FRAP in cells in the presence or absence of
DNA damaging agents. FRAP was previously successfully
applied to determine protein mobility of NER factors (57)
and to deduce from these studies a kinetic framework of
the repair reaction in living cells (58). We performed
FRAP on FENI-YFP expressing MEF’s treated with
chemicals known to induce global oxidative or alkylation
DNA damage. A narrow strip spanning the nucleus was
photobleached and the fluorescence recovery was subse-
quently monitored in untreated and chemically damaged
MEFs (Figure 4A). Surprisingly, treatment of Fenl””
MEFs with the oxidizing chemicals KBrO; and H,0,
and the alkylating agent MMS, each known to trigger
BER, resulted in essentially unchanged FENI-YFP
mobility curves when compared to untreated cells
(Figure 4B). Thus the global induction of oxidative and
alkylation DNA damage in Fenl””” MEFs did not produce
a significant fraction of immobile FEN1-YFP bound to
BER-intermediates in DNA. This indicates that either
FENI is rapidly turned over from BER substrates (swift
binding and dissociating from its flap DNA substrate) or
only a limited amount of BER reactions are active at any
moment, too low to be detected by FRAP. This could also
indicate that continuous repair during drug incubation has
substantially reduced the amount of DNA damage still
present at the time of measurement, thus reducing the
amount of immobilized FEN1.

Fast and almost complete turnover of FEN1 during
SSBR/BER

In order to determine the binding or dwell time of FENI
in active BER we performed FRAP on local laser-induced
DNA damage, when binding is at equilibrium with
dissociation in Fenl”™ MEFs nuclei (Figure 4C). We
observed a fast and nearly complete turnover of
FENI-YFP on the local damage within less than 20s
(Figure 4D). The very small decrease in FEN1-YFP fluor-
escence seen after 1 min could be due to ongoing SSBR/
BER that will reduce the amount of FEN1 substrate avail-
able. Thus, our FRAP on local damage data indicate, in
agreement with the absence of a measurable immobilized
fraction in our strip-FRAP experiments on global damage
(Figure 4B), that FEN1 proteins rapidly bind to and dis-
sociate from the DNA flaps formed as intermediates in
LP-BER.

APEl, LIG1, PARP1 and PAR presence at laser-induced
DNA damage

Local laser irradiation generates a wide spectrum of
DNA Ilesions, including SSBs and DSBs. Both SSBs and

DSBs attract PARP1. In order to determine whether the
laser-induced DNA damage sites contained
BER-substrates, immunofluorescent staining of BER-
protein APEI was performed in Fenl*” primary MEFs
(Figure 5). LIG1 functions in both DNA replication and
BER (59,60). In local damage experiments we only laser
irradiated non-S-phase cells. Staining of LIGI in
micro-irradiated Fenl”” MEFs is thus expected to reflect
LIGI1 in BER. APEIl and LIG1 both accumulated at the
site of DNA damage, together with FENI-YFP, which
could be imaged directly (Figure 5). Moreover, the laser
irradiated strip regions in Fen!”"” primary MEFs were also
stained against PARP1 and the PAR polymer, and their
presence was confirmed (Figure 5).

FEN1 and PCNA localization during S-phase and at
local DNA damage

PCNA is one of the proteins interacting with FEN1 both
in DNA replication and DNA repair, and we wanted to
compare FENI and PCNA’s dynamic behaviour in repli-
cation foci and recruitment kinetics to DNA damage sites.
MEFs expressing FEN1-YFP and mCherry-PCNA were
time-lapse imaged throughout the cell cycle (Figure 6). In
(very) early S-phase, only PCNA foci were detected
(Figure 6A). However, FEN1 foci appeared relatively
soon after the PCNA foci became visible, and by mid
S-phase distinct FEN1 foci were visualized (Figure 6B).
In late S-phase, FEN1 and PCNA foci were both present,
and the foci displayed perfect colocalization (Figure 6A).
Early FEN1 and PCNA recruitment to laser-induced
DNA damage was also monitored in non-S MEFs
(Figure 6C) and was found to be similar for both factors.

DISCUSSION

DNA intermediates generated during DNA replication,
recombination and repair need to be efficiently processed
to avoid genomic instability. FENI has a key role in pro-
cessing 5'-single-stranded DNA structures produced
during Okazaki fragment maturation and in LP-BER
(5,18,61,62). In order to visualize this process in living
cells and tissues, we designed a knock-in mouse expressing
FENI1-YFP fusion protein from the endogenous FENI1
promoter. Kinetics of FENI-YFP in processing DNA
repair intermediates were evaluated following induction
of DNA damage by chemical agents or by multiphoton
laser irradiation.

Kinetics of FEN1 at endogenous DNA damage

In vivo imaging and kinetic studies revealed a highly mobile
FENI1-YFP fusion protein, accumulating at sites of DNA
lesion within 2 min with a high turnover rate. As specified
above, PARPI (and also PCNA) have roles in DSB repair.
In the following we discuss kinetics of BER and assume
that the amount of DSBs is too low to have an impact on
FENI1 accumulation. FEN1-YFP accumulation at DNA
damage sites presents a sigmoid shape. This might reflect
that a step upstream of FENI, such as the DNA
glycosylase excision that initiates BER, must be completed
prior to FEN1 recruitment. For nucleotide excision repair
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Figure 4. FRAP measurements of FEN1-YFP following global and local DNA damage. (A) Strip FRAP assay. Global alkylation or oxidative DNA
damage was induced by chemical agents. A rectangular area within the nucleus was photobleached at 514 nm, followed by fluorescence recovery
monitoring. (B) Strip FRAP graph in which the normalized fluorescence (Norm.fluo.) recovery after bleaching is plotted against time (seconds). No
significant difference is observed in FENI1 after chemical induction of oxidative damage to trigger base excision/single strand break repair (BER/
SSBR). The recovery of untreated live Fenl”’”” MEF cells is shown in black, cells treated with 4mM KBrOjs in red, cells treated with 150 uM H,O, in
blue and fluorescence recovery of 250 uM MMS treated cells is shown in green. Plotted data represents the average of at least 12 different
strip-FRAP curves. (C) Assay for FRAP on local damage. DNA damage was induced in single nuclei of MEFs, by defining a circular area
within the targeted nucleus to be scanned by a multiphoton laser at 800 nm. A slightly larger circular region covering the local DNA damage
was subsequently photobleached at 514 nm, followed by fluorescence recovery monitoring. (D) FRAP on local damage. A fast and almost complete
turnover of FENI-YFP during BER was seen (n = 13) during FRAP on local damage (as described in C.).

(NER), this sigmoid shape is not observed, even for late
acting factors such as the single strand DNA binding
protein RPA and the endonuclease ERCC1/XPF (58,63).
The fluorescence intensity of recruited FENI1 reached a
plateau ~2-3min after multiphoton induced local

damage. In accordance with this, BER proteins, including
the OGG1 DNA glycosylase, the scaffold protein XRCC1
and the DNA Ligase III, are known to accumulate at DNA
repair sites, and also reach their maximum within 2 min
(64—66). The replication associated BER proteins, DNA
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Figure 5. Accumulation of BER proteins at laser-induced DNA damage. Accumulation of FENI-YFP, APEl, LIGI, PAR and PARPI at
laser-induced DNA damage in Fen/”” primary MEF cells. In transmitted light (DIC, grey, left panels) part of the irradiated cell’s cytoplasm and
its entire nucleus was visualized. Live imaging of FENI-YFP (Multiphoton LSM 710 microscope) visualized FEN1 (YFP, green panels) accumu-
lation in the irradiated strip. Immunofluorescent staining of BER proteins and the PAR polymer with the indicated antibodies visualized that APE],
LIGI1, PAR and PARPI all accumulated in the DNA damage site. The scale bar is 10 um.

Ligase I and PCNA, reach a maximum after 5min (59).
The sliding clamp and processivity factor PCNA resembles
DNA Ligase I recruitment kinetics, with slow and constant
accumulation to DNA damage sites (64). However, DNA
Ligase I has been reported to accumulate at irradiated sites
with a delay of 30-60s (64). The authors suggested that the
DNA ligases are selectively recruited to DNA repair sites
(64). DNA Ligase I is recruited by PCNA, via its
PCNA-binding domain (PBD), to damaged DNA, while
DNA Ligase III is recruited by XRCC1 (64). In a recent
paper, methylation of FEN1 has been shown to suppress
nearby phosphorylation and facilitate PCNA-binding (67).
Taken together, the kinetic and biochemical data discussed
here support similar recruitment mechanisms in LP-BER
and DNA replication, as already suggested by
Mortusewicz and colleagues (64). The processive associ-
ation of PCNA with DNA favours continuous synthesis

of long DNA stretches during DNA replication and
LP-BER. The PCNA trimer is proposed to interact with
DNA polymerases and methylated FEN1 simultaneously,
and allows rapid exchange between DNA polymerase and
the active site of FENI for flap cleavage (67).
Phosphorylated (and demethylated) FEN1 with decreased
affinity for PCNA allows DNA Ligase I to interact with
PCNA and seal the nick (67). This is well in accordance
with our time-lapse studies showing mCherry-PCNA ap-
pearing in early S-phase foci, followed by FEN1-YFP foci
colocalizing with PCNA foci soon thereafter. FEN1 foci
disappear by the end of late S-phase.

BER complex(ity) and stepwise repair

FENI1 binding to BER substrates was observed in local
damage experiments. FRAP on LD data indicates that
FENI1 binding to BER intermediates is short-lived. In
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Figure 6. FENI1-YFP dynamic behaviour throughout cell cycle and its colocalization with mCherry-PCNA. (A) Colocalization of FEN1-YFP and
mCherry-PCNA in S-phase. Distinct PCNA replication structures are found in early, mid and late S-phase. In double colour MEFs expressing
FENI1-YFP and mCherry-PCNA, PCNA appeared in very early S-phase and FEN1 foci could be detected soon thereafter (Multiphoton LSM 710
microscope). By late S-phase, perfect colocalization of FEN1 and PCNA foci was observed. (B) Live cell fluorescence imaging of FENI foci
appearance and disappearance throughout S-phase. By mid S-phase distinct FEN1 foci were visualized, and the FENI foci were still present in
late S-phase. By the end of late S-phase the FENI1 foci started to disappear (Multiphoton LSM 710 microscope). (C) Recruitment of FENI and
PCNA to laser-induced DNA damage in G-phase cell. Non-S-phase MEFs expressing FEN1-YFP and mCherry-PCNA received irradiation with an
800 nm pulsed multiphoton laser (Multiphoton LSM 710 microscope). Fluorescence accumulation of FEN1-YFP and mCherry-PCNA to the DNA
damage site was imaged over time. Early FEN1-YFP and mCherry-PCNA recruitment to the laser-induced DNA damage sites was found to be

similar for both proteins.

accordance, FEN1 mobility was not significantly different
in globally damaged versus untreated cells, as measured by
recovery of FEN1-YFP fluorescence in a photobleached
strip of the nucleus; strip-FRAP analysis. This suggests
that DNA damage bound FENI is rapidly released, i.c.
in a similar time range to FEN1’s typical diffusion time or
faster. This indicates a highly mobile FENI, rapidly
binding and dissociating from its DNA flap substrate,

without necessarily being part of a repair complex that
strongly binds the DNA but rather transiently interacting
with the sliding clamp PCNA, BER proteins and DNA
flap substrate. PARP1 inhibition (DPQ and NU1025)
interrupted FEN1 accumulation at sites of DNA
damage, indicating that FENI is dependent upon active
PARPI for recruitment to DNA damage intermediates in
BER. This is in agreement with previous findings where
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PARP1 was found to be required for the assembly of
the scaffold protein XRCCI1 at sites of oxidative
DNA damage (55,68). Moreover, PCNA’s access to
DNA damage sites is affected in a contradictory manner
by inactive PARP1. Decreased relocalization of PCNA to
DNA lesions after PARP1 inhibition has been reported by
several groups (69-71). Recruitment of PCNA to DNA
damage was not hindered in cells lacking PARPI (71).
On the contrary, increased PCNA accumulation at
DNA damage sites following PARPI1 inhibition has also
been reported (55,72). Hanssen-Bauer et al. (72) observed
increased recruitment of FEN1 and PCNA to sites of
DNA damage following 4-amino-1,8-naphtalimide
(4-AN) treatment, whereas another PARP-inhibitor, N-
5,6-dihydro-6-oxo-2-phenanthridinyl)-2-acetamide hydro-
chloride (PJ34), did not affect FEN1 and PCNA
recruitment (72). Recruitment of aprataxin, a DNA-
binding protein implicated in removal of DNA adenylates
arising from abortive DNA ligase reactions in BER, is
hindered by PARPI1 inhibition by PJ34 and
3-aminobenzamide (3AB) (73). It emerges that treatment
with some PARP-inhibitors, including DPQ, DIQ and
NUI1025, result in reduced recruitment of BER-
protein(s) to DNA lesions following microirradiation,
including FEN1 (this study and data not shown for
DIQ), PCNA, XRCCI, polymerase B and Ligase Illa
(69-71). On the other hand, 4-AN PARP inhibitor
causes increased accumulation of FEN1 and PCNA
(55,72). Furthermore, recruitment of PCNA and FENI
require high doses of irradiation, and recruitment is
enhanced by XRCC1 and PARPI1 at the site of DNA
damage (72). In the experimental setup by Hanssen-
Bauer and colleagues XRCCI/polynucleotide kinase/
polymerase P was recruited to sites with low levels of
induced DNA damage independent of PARPI accumula-
tion and poly (ADP-ribosyl)ation (PARylation) (72).
Thus, the type and dose of DNA damaging agent and
the PARP-inhibitor used will affect the DNA damage
formed and the SSBR/BER factor recruitment and organ-
ization. The actual function of PARylation in SSBR/BER
is not completely understood, however, several cellular
regulatory mechanisms are likely to be directed by
PARylation (72).

Whether FENI is part of a LP-BER complex and
whether FENI is taking part in a coordinated handoff
of DNA repair intermediates has been and is still being
investigated by several research groups. Working models
suggest both pre-assembled multi-protein complexes and
short-lived transient complexes assembled at the damage
site, where DNA repair substrates are sequestered in a
coordinated manner from one protein to the next in the
BER pathway, the latter being proposed as ‘passing the
baton’ or ‘substrate channelling’ (74—77). For SP-BER, a
complex or ‘repairosome’ proficient in SP-BER of uracil
from DNA was found after examination of a bovine testis
nuclear extract, supporting the first mechanism (78).
Moreover, it has recently been shown in vitro by Prasad
and co-workers that SP-BER can proceed from an AP-site
to a ligated product through channelling (79). However, in
the case of LP-BER, the intermediate after DNA polymer-
ase B gap filling was not channelled to FENI in their

in vitro assay (79). In support of LP-BER sequential
enzyme actions, a recent experiment utilizing purified
human proteins concludes that the LP-BER proteins
mechanistically function in a defined sequential manner
(80). Balakrishnan and co-authors also present a struc-
tural model for LP-BER, where the proteins are part of
a multi-enzyme complex (80). In the context of a LP-BER
repairosome, they suggest a model where FEN1 binds and
cleaves its flap substrate after DNA polymerase B has
dissociated from the DNA substrate, and is stimulated
and counter-stimulates other LP-BER proteins in the
complex (80). The recently resolved crystal structures of
human FEN1 with DNA are also consistent with the
‘passing the baton’ concept (81). The authors propose a
model where FEN1 binds dsDNA exposed in the DNA
polymerase B complex and displaces DNA polymerase (3
to access the 5 and 3’ flaps, resulting in a direct handoff of
dangerous DNA intermediates (81). The way FEN1 was
observed to bind DNA, with dsDNA directing FEN1 and
5" nuclease specificity, and their model of DNA polymer-
ase B and DNA Ligase 1 buried interfaces, is well in ac-
cordance with a model of coordinated stepwise BER (81).
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